users (IDUs) and formal commercial blood and plasma donors (FBDs) in geographically separate rural areas. However, HIV-1 prevalence has recently increased rapidly in urban settings through heterosexual and homosexual transmission, raising serious concerns about further spread among the general public (1, 2) .
With the dramatic change in disease distribution, the genetic makeup of HIV-1 in China has become increasingly complex. We and others have demonstrated that HIV-1 strains circulating in China can be broadly classified into three major groups: those clustering closely with circulating recombinant form (CRF) 01_AE, subtype B', or subtype C/CRF07_BC/CRF08_BC/B'C (C/07/08/B'C for abbreviation) (3) (4) (5) . Although the proportion of each group among all infected cases remains unknown, it is clear that C/07/08/B'C viruses are strongly associated with intravenous drug use, and subtype B' viruses with commercial blood and plasma donation, while CRF01_AE viruses are associated with sexual transmission (3, 5) . Furthermore, most recent studies suggest a rising predominance of CRF01_AE, particularly among those infected through homosexual contact (3) . It is unknown whether high prevalence of particular subtypes in a population is emblematic of unique biologic features, or largely a founder effect. But nevertheless, as the number of different subtypes of viruses increases and circulates within the same geographic locations, more recombinant viruses will be expected to emerge and spread.
Increased genetic complexity has posed greater challenges to human immune system and vaccine development in China. Some reports suggest that neutralizing activity of sera from HIV-1 infected patients may be independent of genetic subtypes (6) (7) (8) , others present evidence of possible subtype-specific humoral immune responses (9) (10) (11) (12) . In either case, we need to better understand the genetic and neutralization sensitivity of viruses. In particular, as several bnmAb have recently been isolated from infected individuals with exceptionally broad serum neutralizing activities, it would be critical to investigate whether the epitopes or "vulnerable sites" identified by these bnmAb are also present on the envelope of HIV-1 identified in China. These conserved epitopes include the CD4 binding site on envelope gp120 recognized by bnmAb IgG1b12 and VRC01 (13) (14) (15) , the membrane proximal external region (MPER) of gp41 recognized by bnmAb 2F5 and 4E10 (16) , the glycan moiety on gp120 recognized by bnmAb 2G12 (17) (18) (19) , and epitopes that reside in the V1/V2 and V3 regions on gp120 recognized by bnmAb PG9, PG16 (20) . Characterization of these epitopes and their impact on neutralization sensitivity will provide crucial molecular bases for the design of immunogens capable of eliciting antibodies with similar potency and breadth as these bnmAb (21, 22) .
At present, our knowledge on HIV-1 in China is largely derived from genetic characterization of relatively short viral gene fragments (3) (4) (5) or limited number of full-length envelope clones (23, 24) . While these studies provide important references on phylogenetic as well as epidemiologic patterns of viral spread, they offer limited insight into the functional features of the viruses. Our study aims to systematically characterize genetic, biologic and immunologic properties of diverse HIV-1 in China.
We have generated and characterized 107 full-length envelope (env) molecular clones from multiple risk groups in various geographic locations in China. These env clones are further characterized for their biological and immunologic properties in the context of pseudotyped viruses.
In particular, we focus on studying sensitivity of viruses to neutralization by subtype-specific plasma pools generated from chronically infected patients in China, as well as by abovementioned bnmAb. Our results have demonstrated that HIV-1 in China is genetically diverse, resulted in their significant differences in mediating viral entry, and in sensitivity to neutralization by subtype-specific plasma pools and bnmAb. The implications of our findings for evaluating neutralizing antibody responses in infected individuals and in participants of vaccine clinical trials as well as for future vaccine development are discussed.
EXPERIMENTAL PROCEDURES
Study subjects -A total of 56 HIV-1-positive blood samples were collected between 2004 and 2007 from a disease progression cohort consisting of infected individuals from Yunnan, Xinjiang, Henan, Liaoning, and Jilin provinces of China. The demographic, virologic and immunologic characteristics of these subjects are summarized in Table 1 .
At the time of blood sampling, all patients were treatment-naï ve and some showed symptoms of AIDS with opportunistic infections. Informed consent was written and provided by all study participants and the study was approved by the institution's ethical committee at the No. 1 Hospital of China Medical University in Shenyang, Liaoning Province.
Plasma samples, mAbs and soluble CD4 -Individual plasma samples were obtained from 90 chronically infected patients. Among them, 30 fell into each of three groups -patients infected with HIV-1 related to CRF 01_AE, subtype B, or subtype C/07/08/B'C -based on genetic analysis of gag, pol and env genes as previously described (3) . For each group, a pooled plasma sample was generated by mixing equal proportions of the 30 corresponding individual plasma samples. All plasma samples were heat inactivated for 1 h at 56º C and stored at -80º C until use. None of these patients had been on any antiretroviral therapy at the time of sampling.
The bnmAb PG9 and PG16 were kindly provided by Wayne Koff at International AIDS Vaccine Initiative and VRC01 was kindly provided by John Mascola at National Institute of Health. The rest of the bnmAb were obtained from NIH reference and reagents program. IgG1 b12, first isolated as an Fab fragment through phage display technologies, recognizes a conserved CD4-binding domain on gp120 and is sensitive to substitutions in multiple regions in gp120 (13, 25, 26) . 4E10 and 2F5 recognize adjacent liner epitopes NWFDIT and ELDKWA respectively, which are located in the membrane-proximal external region (MPER) of HIV-1 gp41 (27) (28) (29) . The 4E10 epitope NWFDIT, located immediately N-terminal of the transmembrane domain of gp41, is partially inserted into the lipid bilayer (29) . 2G12 recognizes an epitope in the C2-V4 region of gp120 involving carbohydrate moieties of N-glycosylated residues (17) (18) (19) . PG9 and PG16, initially isolated from a subtype A-infected African donor, recognize by guest on August 17, 2017 http://www.jbc.org/ Downloaded from conserved regions of the V2 and V3 loops of gp120, although PG16 is more sensitive to V3 loop substitutions than PG9 (20) . VRC01 recognizes the outer domain-contact site for CD4 of gp120, one of the vulnerable sties identified previously (14, 15) . Soluble CD4 (sCD4) was provided by Progenics Pharmaceuticals, Inc. (Tarrytown, NY).
Cloning of full-length envelope genes and production of pseudotyped virusesFull-length envelope genes were amplified by PCR directly from proviral DNA extracted from patients' unclutured PBMC. The PCR was conducted with initial denaturation at 94ºC for 2min, followed by 35 cycles of 94ºC for 15 seconds, 55ºC for 30 seconds and 68ºC for 4 minutes, followed by a final extension at 68ºC for 10 minutes.
Subtype-specific primer sequences (listed in the supplemental materials) were designed to be as conserved as possible based on the published sequences of geographical variants. PCR-amplified fragments were cloned directly into the pcDNA 3.1 expression vector (Invitrogen, Carlsbad, CA, USA) and verified by direct sequencing. Env-bearing pseudotyped viruses were generated by co-transfection of env-expressing plasmid together with backbone construct pNL43R-E-luciferase into the 293 cells. A control plasmid expressing envelope glycoprotein of HIV-1 HXB2, SF162, or JRFL and of amphotropic murine leukemia virus (AMLV) was also included. Forty-eight hours post transfection, culture supernatant was collected and tested for luciferase activity to standardize viral input in the subsequent functional analysis.
Single-genome amplification (SGA) of full-length HIV-1 genome for recombinant analysis -Viral RNA was recovered from the plasma and then reverse-transcribed into cDNA using SuperScript III (Invitrogen Life Technologies, Carlsbad, CA) followed by PCR amplification. The primer sequences are listed in the supplemental materials. The same reaction conditions were used for the first and the second rounds of PCR: 94º C for 2 min followed by 30 cycles of 94º C for 15 s, 60º C for 30 s, and 68º C for 4 min, with a final extension of 68º C for 10 min. The sequencing of purified PCR products was conducted without cloning (Applied Biosystems, USA).
Determination of viral co-receptor usage -Pseudotyped viruses were co-cultured with U87MG.CD4/X4 and U87MG.CD4/R5 or GHOST.CD4/X4/R5 cells stably transfected to express HIV-1 receptor CD4 and co-receptor CCR5 or CXCR4 as previously described (30) . Luciferase activity in infected cells was measured 48 h post infection.
Neutralizing activity of plasma and bnmAb against pseudotyped virus -Neutralizing activities of bnmAb, sCD4 and pooled plasma samples were jointly analyzed in our laboratory and by Monogram Biosciences (CA, USA). All plasma samples were heat-inactivated at 56º C for 1h before testing.
In brief, 100 TCID 50 of pseudotyped viruses was incubated with serially diluted patients' plasma, sCD4 or bnmAb in a 96-well plate in triplicate for 1 h at 37º C. Approximately 2x10 4 TZM-bl cells were then added and the cultures were maintained for an additional 48h at 37º C. Neutralizing activity was measured by the reduction in luciferase activity compared with controls. The log 10 ID 50 titers were calculated based on the standard algorithm published previously (31 (32, 33) .
Sequence and statistic analysisSequences were aligned using the Clustal W program together with selected subtypes/CRFs of geographical importance. Phylogenetic analysis was conducted using the neighbor-joining method (34) . The reliability of the branching orders was tested by bootstrap analysis of 1,000 replicates (35) . Bootscanning, similarity plots and informative site analysis were performed using SimPlot v3.5 (36) to define the recombination structure.
The Genbank accession numbers of nucleotide sequences reported here are HM215397-HM215428, and HQ699949-HQ700004.
Structure modeling of loop D and V5 region in gp120 resistant to VRC01 -We selected the gp120 structure (Clade A/E 93TH057) in complex with antibody VRC01 (PDB code: 3NGB) as the template for the modeling. Loop D and V5 region in the gp120 structure were replaced by the respective sequences from HIV strains in China that are resistant to antibody VRC01. Modeling of loop D and V5 region was carried out using ModLoop server (37) . The gp120 structures with modeled loop D and V5 region were then docked onto VRC01 with 3NGB as the template. Interactions closer than 2.5 Å between the loop D and V5 regions of gp120 and the antibody VRC01 were identified with the program CONTACT in the CCP4 program suite (38). The structure figure was made with program PyMol (DeLano Scientific, San Carlos, CA, USA).
RESULTS
Genetic characterization of full-length envelope molecular clones -A total of 107 full-length envelope molecular clones were successfully obtained directly from PBMC of 56 chronically infected individuals without in vitro culture.
Phylogenetic analysis shows that all sequences fell into three major groups: those clustering closely with CRF 01_AE, subtype B', or subtype C/07/08/B'C except for CNE85 which grouped with subtype A (Figure 1 ). There are six clones (CNE87, CNE15, CNE16, CNE18, CNE7, and CNE67) in C/07/08/B'C group that failed to group with prototype reference sequence 07.BC.CN54 or 08.BC.CN.GX6F. Recombination analysis using the SimPlot program indicates the novel recombinant forms of these clones ( Figure 2 , right panel). Furthermore, sequences in the CRF01_AE and subtype B groups are closely related to reference strains 90TH.CM240 and 99TH.MU2079, respectively, originally identified in Thailand, whereas those in the C/07/08/B'C group cluster tightly with reference strain 95IN.21068 from India and prototypes 07.BC.CN54 and 08.BC.CN.GX6F from China ( Figure 1 ). These results suggest that the HIV-1 epidemic in China is the result of multiple introductions of various HIV-1 strains from neighboring countries. The distribution and relative proportion of each HIV-1 subtypes and CRFs in each province is shown ( Figure  S1 ). Lastly, as a large fraction of the patients (35/56) came from Yunnan, the observed genetic complexity and distribution pattern are in complete agreement with our previous report (1, 5) . However, identification of multiple subtypes and CRFs outside of Yunnan has reaffirmed the concerns that HIV-1 continues to spread beyond high risk populations in severely affected area (3, 4) .
To further confirm new recombinant variants, we amplified the full-length genome sequences of HIV-1 from 2 (CNE 15 and CNE18) of the 6 patients indicated above. Single-genome amplification (SGA) and recombination analysis using SimPlot showed both genomes had recombination patterns different from the prototype 07.BC.CN54 and 08.BC.CN.GX6F ( Figure  2 ). CNE15, for instance, has multiple recombination points between subtype B and C across the entire genome, while CNE18 is predominantly comprised of the subtype B sequence with two subtype C fragments in the 3'-half of the genome ( Figure 2 ). This finding clearly shows that CNE15 and CNE18 are novel recombinants.
Functional domain analysis of full-length envelope molecular clones -We performed functional domain analysis by aligning the novel HIV-1 sequences from China against prototype HIV-1 sequences HXB2, NL43, JRFL, JFCSF, and SF162 (see supplemental materials and Figure S2 ). We further analyzed the degree of length polymorphism in regions V1/V2, V3, V4, and V5 based on subtype or CRF classification of 71 viable sequences ( Figure  3a) .
The length variation is mostly identified in V1/V2, V4 and V5 whereas the V3 loop remains constant at 35 residues in length.
The V1/V2 region (70±7.1) contains the largest number of residues and the highest degree of length variation compared to V4 (31±4.5) and V5 (10±1.7) (Figure 3a ). In addition, a high degree of variation in the number and location of potential N-linked glycosylation sites was found among sequences in different subtypes and CRFs. Figure 3b shows that the number of N-linked glycosylation sites in gp120 is more than that in gp41, with a significantly higher average for C/07/08/B'C (26 ± 3.0) than for CRF01_AE (24 ± 1.7) (P<0.01).
Most of these glycosylation sites are either located within the V1/V2, V4, and V5 regions or in the flanking regions of the V3 loop ( Figure S1 ). In gp41, a large majority of the glycosylation sites are located in the ectodomain outside the transmembrane (Figure 3b ).
Neutralization sensitivity of diverse HIV-1 to subtype-specific plasma pools from infected patients -We generated 88 pseudotyped viruses and found only 71 were able to mediate viral entry while the remaining 17 clones, despite having viable sequences at the nucleotide level, failed to do so.
In addition, among the 71 full-length envelope clones, substantial variation was found in mediating viral entry. We have chosen the top 31 clones with the highest entry capacity to study their neutralization sensitivities to pooled plasma and bnmAb. Table 2 (left half) summarizes the basic clinical and biological features associated with these 31 clones. As shown, 28 out of 31 (90%) viruses used co-receptor CCR5 for entry while the remaining 3 (10%) used CXCR4.
We first studied neutralization sensitivity to the subtype-specific plasma pools B', C/07/08/B'C and CRF_01AE from chronically infected patients in China. Each pool is constructed with equal proportions of 30 individual plasma samples with known HIV-1 subtypes or CRFs and with reasonably good neutralization activity (data not shown). Figure 4 shows that many of the viruses share similar levels of sensitivity to neutralization, but there are two extreme subsets at either end of the curve that are either highly sensitive or highly resistant. This finding is consistent with that previously reported by Seaman and colleagues where variable degrees of sensitivity to neutralization were also found among a panel of 109 viruses against 7 different subtype-specific plasma pools (33) . The three most sensitive viruses (SF162, CNE20, and CNE40) were sensitive to all three plasma pools, with average reciprocal log 10 ID 50 titers ranging from 3.0 to 4.0, whereas that for the two most resistant viruses (CNE23, and CNE30) was below 1.2. The remaining viruses showed values ranging from 1.4 to 2.9. In addition, for each particular virus, there were differences in neutralization sensitivity to the three different plasma pools, reflected by the differences in the log 10 ID 50 titers along the Y-axis (Figure 4) .
However, the neutralization sensitivity of these viruses in general follows the same trend towards all three plasma pools. In other words, when a particular virus is among the most sensitive to one plasma pool, it would most likely be among the most sensitive to the other pools (Figure 4) . This finding suggests that neutralization sensitivity is largely virus-dependent, although neutralizing activity against a matched subtype of virus in a given plasma pool is indeed more potent than that of a cross-subtype or CRF (Figure 4 ).
Neutralization sensitivity of diverse HIV-1 strains to sCD4 and bnmAb -We further studied the sensitivity of these viruses to neutralization by sCD4 and several well-known bnmAb such as 2F5, 4E10, 2G12, PG9, PG16, IgG1b12, and VRC01 (14, (16) (17) (18) (19) (20) . All these bnmAb were isolated from infected individuals with potent serum neutralization activity against a large panel of viruses, and demonstrated strong protection against infection in passively immunized macaques (39) (40) (41) (42) . Some of these bnmAb have also been used in humans and demonstrated good safety and efficacy profiles in temporally inhibiting viral replication (43) .
As shown in Table  2 Table 2 ). The remaining two bnmAb, IgG1b12 and VRC01, demonstrated significant differences in neutralization potency and breadth, despite both of them recognize the critical CD4-binding domain (14, 15, 20, 44) . IgG1b12 can only neutralized 45% (14/31) while VRC01 neutralized about 81% (25/31) of the viruses tested (Table 2 ). IgG1b12 had an average IC 50 of 13.33±17.56 µg/ml while that for VRC01 was about 1.14±1.80 µg/ml. IgG1b12 insensitive viruses were found in all three subtype or CRF groups, while those insensitive to VRC01 were mainly from subtype B' and C/07/08/B'C (Table 2) . Lastly, eight viruses (CNE1, CNE66, CEN23, CNE30, CNE46, CNE47, CNE53 and CNE107) were resistant to 4 of the 7 bnmAb tested, and two of which (CNE1 and CNE23) were resistant to both VRC01 and PG16. However, no virus identified so far can overcome the neutralization activity of all these bnmAb, indicating that there exist multiple vulnerable sites on the viral envelope that can be targeted by antibody responses, and could potentially be used for vaccine design. Neutralization sensitivity toward positive control serum sample Z23 was also found to be highly variable among the viruses tested ( Table 2) .
Lack of association between neutralization sensitivity to plasma pools and bnmAbWe further analyzed whether neutralization sensitivity to bnmAb was predictive of that to the plasma pools or vice versa. We used two-dimensional clustering heatmap approach to group viruses with similar neutralization sensitivity to bnmAb or the plasma pool. As shown in Figure 5 , significant differences were found in the number and pattern of virus groups based on the two methods. For example, 3 groups of viruses were identified based on their sensitivity to bnmAb and sCD4 (Figure 5a ) while the same set of viruses separated to at least 5 groups based on their sensitivity to plasma pools (Figure 5b) . Furthermore, no direct association between the groups identified by bnmAb and plasma pools was identified. For instance, viruses in one group identified by bnmAb such as CNE15, CNE 16, CNE5, CNE58, CNE49, CNE19, CNE68, CNE65, and CNE17 are scattered to many groups identified by the plasma pool. The most sensitive viruses to the plasma pools such as CNE40, CNE20, and CNE14 failed to have similar sensitivity profile to bnmAb ( Figure 5 ). These results suggest that the number and patterns of virus groups identified by the plasma pools are more complex than that revealed by the individual bnmAb.
Polyclonal plasma samples are more suitable for evaluating overall sensitivity of virus while bnmAb are particularly useful for identifying and grouping viruses based on defined number of epitopes.
Analysis of epitope sequences recognized by bnmAb -One major mechanism for neutralization insensitivity may be due to mutations in the bnmAb epitope. We therefore compared epitope sequences between sensitive and insensitive viruses tested. Table 3 summarizes the key residues known to be important for epitope formation of listed bnmAb. As shown earlier, 2F5 recognizes the epitope centered on peptide sequence ELDKWA, and mutagenesis studies have revealed that LDKW is the critical core epitope and the major determinant for 2F5 neutralization (16, 45) .
In particular, amino acid substitutions at K665 appeared to be the key determinants of resistance (45) . In this study, all 2F5-resistant viruses were in the C/07/08/B'C group and had lysine (K) to serine (S) substitution at position 665, consistent with their phenotypic resistance ( Table 3) .
4E10 binds an epitope consisting of core sequence NWFDIT, located at the C-terminus of the 2F5 epitope. Residues beyond these six residues have also been found to be critical for binding (16, 27) .
Mutagenesis studies have identified residues W672, F673 and W680 as critical for binding as well as neutralization activity (27) . Analysis of epitope sequences of the viruses tested has revealed complete conservation of these three key residues, providing good explanation for their sensitive phenotype. Observed substitutions at position 671, 674, 675, and 676 therefore have minimal effect on viral sensitivity to 4E10 (Table 3 ).
2G12 recognized a complex mannose cluster on gp120 involving N-linked glycans at positions 295, 332, 339, 392, 386, 397, and 448 (17) (18) (19) . Sequence analysis of 2G12-resistant viruses has revealed that 23/24 (96%) of the viruses lack the glycan at position 295, or 332, or both (Table 3) , confirming these two sites are critical for 2G12 binding. CNE57, on the other hand, is highly resistant but possesses all the glycans except at position 397. However, the same glycan distribution pattern was also found for three sensitive viruses CEN9, CNE10 and CNE64, suggesting that mutations apart from that of the glycan at position 397 play an important role in conferring observed resistance. In addition, a marginally resistant CNE49 lacks glycans at position 339, 397 and 448, which may indicate that combinational changes can also contribute to the resistant phenotype.
PG9 and PG16 bind to overlapping but distinct gp120 eptiopes involving V2, V3, the V1/V2 stem, and perhaps a portion of the co-receptor binding site (20, 46) . Alanine scanning mutagenesis has shown that both antibodies are equally sensitive to substitutions within V1 and V2, although PG16 is more sensitive to V3 loop substitutions than PG9 (20) . Sequence analysis of PG9/PG16-resistant viruses has indicated complex mutation patterns for residues critical for PG9/PG16 binding, some of which are more obvious than others. For resistant viruses in subtype B' group, for instance, three (CNE57, CNE14, and CNE9) have residue substitutions N160D, S162N, or F176L in the V2 domain (Table  3 ), known to dramatically reduce the recognition of PG9 and PG16 (20) . The double resistant phenotype of CNE4, on the other hand, could be due to the combination effect of three substitutions, I307M, I309L and F317W, each shown to have a moderate effect on PG9 and PG16 resistance (20) . PG16-resistant CNE1 is the likely result of two substitutions, I309L and F317W (Table  3) . For resistant viruses in C/07/08/B'C group, however, the potential resistance mechanism is less clear. PG16-resistant viruses such as CNE23, CNE46 and CNE53 have residue sequences identical to sensitive ones, such as CNE19, CNE29, CNE40 and so on, with the exception of CNE46 which has a lysine (K) to arginine (R) substitution at position 305. This finding suggests that the resistant phenotype of these three viruses is likely due to substitutions elsewhere. In addition, the double resistant phenotype of CNE30 could be due to combinational substitutions Y173H, K305R, and V318F (Table 3) . Lastly, for CNE107 in the CRF01_AE group, substitutions S158T, I309M and F317Y may jointly contribute to its resistant phenotype, since substitution S158T alone, although critical for binding of both PG9 and PG16 in the context of JRCSF (20) , did not result in resistance for CNE55.
It is therefore possible the substitutions as well as the context where these substitutions occurred jointly determined the resistance phenotype.
individual, binds to the CD4-binding domain on gp120 and is sensitive to substitutions in multiple regions on gp120 (13, 25, 26, 44) . It has an unusual structure with long complementarity determining loops that allow it to access the CD4-binding site on some primary HIV-1 isolates (44) . Based on the a combination of sequence analysis, computational modeling, and site-directed mutagenesis, it was found that several substitutions within the dominant IgG1 b12 contact surface, called the CD4-binding loop, mediated IgG1 b12 resistance (25) .
Other reports also shown that substitutions in both the V2 and C3 regions and perhaps in gp41 confer IgG1 b12 resistance (26, 47) . Sequence analysis of IgG1 b12-resistant viruses has failed to reveal any obvious amino acid substitutions or signatures associated with their resistant phenotype.
It is highly possible that observed resistant phenotype is not only dependent on the residues at the major contact sites between IgG1 B12 and gp120 but also on the context in which the major contacts sites exist. Further studies would be required to define the genetic bases for observed resistant phenotype identified in this study.
Structure analysis of VRC01-resistant envelope glycoprotein -VRC01 recognizes the outer domain-contact site for CD4 of gp120 and is able to neutralized over 90% of circulating HIV-1 isolated identified outside China (14, 15) . Previous structural studies have indicated that residues with bulky side chain in the loop D and V5 regions of gp120 may contribute to the natural resistance to VRC01 by some strains (15) . Structural modeling proposed that the steric clashes brought by these bulky residues would interfere with the gp120-VRC01 interaction (15) .
To analyze potential resistance mechanism, we conducted sequence and structural analysis of VRC01-resistant viruses indentified in our study. As shown in Figure 6 , sequence alignments also revealed residues with bulky side chain in the loop D and V5 regions of gp120 from resistant isolates in China. Structural modeling and docking analysis of these resistant strains support the potential roles of these residues in the natural resistance to VRC01, either through conformational masking and glycan shielding. Future studies will be required to dissect out the actual mechanism for their resistant phenotype. In addition, we conducted biologic and immunologic characterization of full-length env clones in the context of pseudotyped viruses.
DISCUSSION
Our study has identified a spectrum of viral differences in co-receptor usage, in mediating viral entry, and in sensitivity to neutralization by subtype-specific plasma pools, sCD4 and bnmAb.
In particular, while a large proportion of viruses exhibited a similar sensitivity, a small subset was found to be either highly sensitive or resistant to neutralization by the three plasma pools. This finding is consistent with previous reports in which a three-tier or rank-order approach was undertaken to classify viral neutralization sensitivity to individual or pooled plasma (33) . Furthermore, viral sensitivity to plasma neutralization seems dependent more on viral characteristics than on the type of plasma pools used. This hypothesis is supported by the observation that a virus sensitive to one plasma pool was often sensitive to the others. However, subtype-matched neutralization was indeed more potent than with non-matched pairs, suggesting viruses within one subtype share more neutralizing epitopes than those between subtypes. But the fact that some degree of cross-neutralization does occur between subtypes argues for the existence of common epitopes shared by all viruses. Identifying these conserved epitopes and ultimately using them to induce broadly neutralizing antibodies are therefore paramount in our vaccine development against HIV-1.
Recently, great progress has been made in identifying these conserved epitopes, through cloning and characterization of a series of bnmAb from individuals with potent and broad neutralizing activities (14, 20, 32, 50) . One major objective of this study was to evaluate how conserved these epitopes were among HIV-1 strains in China by analyzing their relative sensitivity to neutralization by these bnmAb. We found that all viruses tested were sensitive to neutralization by 4E10 and sCD4. This is in great contrast to viruses isolated during early infection where vast majority are resistant to sCD4 (51) . Furthermore, many were resistant to one or more bnmAb including those recently identified PG9, PG16 and VRC01, known to possess exceedingly high potency and breadth against diverse viruses from outside China (14, 20) . The resistant viruses to 2F5 are largely involved in changes to the epitope region critical for antibody binding. Viral resistance to 2G12, PG9, PG16, IgG1b12 and VRC01, however, is perhaps due to changes that ultimately lead to conformational alternations in the binding domain of these antibodies. These changes could affect direct binding, and/or indirectly shield the binding domain through steric hindrance. Changes in glycan patterns as well as in charge and side chain properties of relevant residues are good examples (15, 17, 19) . In any case, identification of HIV-1 in China resistant to one or more bnmAb strongly argues for larger scale studies including more diverse HIV-1 strains across the world. Only with such studies will we better understand the relative conservation of these epitopes and their potential use as immunogens capable of eliciting antibodies with similar potency and breadth as bnmAb.
In summary, we have systematically characterized diverse HIV-1 viruses in by guest on August 17, 2017 http://www.jbc.org/
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China and have demonstrated significant differences in their biologic and immunologic properties. We believe that our results will help us to better understand, at the molecular level, the interplay between diverse viral strains and antibody responses in infected patients in China. The viruses characterized here will also provide a strong foundation for establishing a broader and more representative Chinese virus panel to evaluate the antibody responses in infected and vaccinated individuals, and to contribute to the international virus panel where only a limited number of Chinese viruses are currently available (33) . Figure 1 . Unrooted neighbor-joining tree depicting the genetic relationship among the 88 full-length envelope molecular clones. The branch length is drawn to scale so that the relatedness between different sequences can be readily assessed. Individual sequences clustered with CRF01_AE are colored in green, those clustered with subtype B's in red, and those clustered with subtype C/07/07/B'C in blue. A number of commonly used reference sequences for classifying HIV-1 subtypes and CRFs were also included and highlighted in each group with a different color. Closed circles represent those clones capable of mediating viral entry, whereas those indicated by open circles failed to do so. . Neutralization sensitivity of selected HIV-1 isolates to subtype-specific plasma pools. The top 31 envelope clones capable of mediating viral entry were evaluated for neutralization sensitivity using the three subtype-specific plasma pools from chronically infected individuals. The average reciprocal log 10 ID 50 titer for each plasma pool is indicated by a representative symbol. The black filled circles indicate the average log 10 ID 50 titer across all three plasma pools. Figure 5 . Two-dimensional clustering heatmap to group viruses with similar neutralization sensitivity to bnmAb (A), to subtype-specific plasma pools (B), and to compare between the two. The top 31 envelope clones capable of mediating viral entry were assessed for neutralization sensitivities using either 7 bnmAb and sCD4, or the three subtype-specific plasma pools from chronically infected patients.
FIGURE LEGENDS
Individual bnmAb, sCD4 and subtype-specific plasma pools are indicated at the bottom of the heatmap. The magnitude of neutralization (ID 50 titer) is indicated by color, in which lower neutralization values are represented by lighter colors and higher values by darker colors. Viruses are grouped based on their overall neutralization sensitivity patterns and exemplified by the dendrogram alongside of the heatmap. Straight lines connecting the same viruses between the two heatmaps were used to assess whether viruses grouped by bnmAb were also grouped by the subtype-specific plasma pools. Clustering of bnmAbs, sCD4 and subtype-specific plasma pools was also conducted simultaneously based on their similar neutralization profiles, shown by the dendrogram on top of the heatmap. 
